In this paper, the composite loss factor, vibration acceleration level and displacement of a multi-layer flat-shaped constrained damping structure are studied by means of the single-point hammer excitation method and the modal strain energy method. The influence of the number of damping layers on the damping performance of the constrained damping structure is discussed, and the optimal number of layers is determined. The experimental results show that with the increase of the number of damping layers, the loss factor gradually increases, but the increasing range decreases gradually. The loss factor obtained in this study is 0.049, 0.028, and 0.022 respectively. The maximum vibration acceleration level is 15dB, 3dB and 4dB respectively. In addition, the maximum displacement of the structure calculated by the modal strain energy method shows a decreasing trend, which is 0.542, 0.546, 0.383, and 0.264, respectively. The composite loss factor has the same trend as that obtained from the experimental results, with an error very close to 20%. The higher level error is slightly larger, but still less than 25% with good consistency. The results show that the damping effect of the multi-layer plate type confinement damping structure is better than that of the single-layer damping structure. The optimal number of layers is 3.
Introduction
The vibration and noise of the rail transit are listed as one of the seven most severe environmental hazards to human beings (Qiao et al. 2011) . The vibration noise and control has been the focus of attention for a long time. Constrained damping structure is a relatively new structure (Roland et al. 2010; Sadeghinia et al. 2012) , which mainly consist of three parts: the base layer, the damping layer and the constrained layer. When the constrained damping structure is subjected to external force, the damping layer, the base layer and the constrained layer respectively produce tensile deformation and compression deformation. The damping layer is subjected to the shear strain from the base layer and the constrained layer. The damping layer transforms the vibration energy to heat, achieving the vibration and noise reduction. Therefore, the performance of the viscoelastic damping materials has also been studied (Ross et al. 1999; Huang and Lyu. 2010) .
The damping structure has been widely used in various fields, such as aerospace, military, civil engineering etc., because of its high performance of damping and noise reduction as well as cheap construction technology (Douglas and Yang. 1978) . More and more experts and scholars have tried to optimize this structure in order to achieve the best performance, and use it in the field of rail transit (Lu et al. 1989) . In 1959, Kerwin (Kerwin and Edward 1989) proposed that a constrained layer could be formed outside of the free damping layer to form a constrained damping structure to increase the loss of energy by realizing shear deformation of the damping material. DiTaranto (Di Taranto 2010) extended the research of Kerwin, and established the sixth-order differential equation of longitudinal displacement to describe the free vibration of confined damping beam. Mead and Marcus (Mead and Marcus 1969) presented the sixth-order differential equation of lateral displacement to describe the transverse vibration of the confined-damping beam. Mace (Mace 1994) established the finite-element equations of constrained damping in the frequency domain and studied the vibration damping of the confined damping beam with a thin viscoelastic film. Trompette (Trompette and Fatemi 1997) used the complex eigenvalue method. The modal strain energy of sandwich ring and sandwich plate modal, strain energy method and theoretical analysis, and the accuracy of the two methods were analyzed. Shi Yinming et al (Shi et al. 2001) proposed a linear viscoelastic composite finite element model of robust reduction method. Through the micro-oscillator model and finite element, the natural frequency, damping and other modal parameters and response were obtained. At present, the damping structure is mostly dominated by single damping layer (Lyu et al. 2001) . However, in some large structures, the single-layer damping has difficulties to meet the requirements of vibration and noise reduction. Therefore, this paper studies the multi-layer plate-shaped confinement damping structure, with tile as the base layer or the restraining layer and using viscoelastic damping materials to bond them together. By studying the performance of multi-layer constrained damping structures, a series of strong data about the damping structure of multi-layer flat-shaped constrained damping structures are presented, which will provide a basis for future applications of constrained damping structures in practical engineering.
In this paper, Qtech-413 viscoelastic damping material (hereafter referred to as damping material) developed by the Institute of Functional Materials of Qingdao University of Science and Technology, was used as the damping layer. The single-point hammer excitation experiment was carried out on the multi-layered flat-shaped constrained damping structure. The modal analysis was carried out by using ANSYS finite element software. The influence of the change of the damping layer on the damping structure is studied, and the optimal damping layer number is determined. It provides experimental basis for the engineering application in the field of vibration and noise reduction.
1 Modal experiment and finite element method
Single point hammer excitation experiment
Experimental materials: 48 pieces of 400mm×350mm×10mm standard tile plate: elastic modulus of 72Gpa; Qtech-413 viscoelastic damping material (available from the Institute of Functional Materials): a density of 0.915g/cm3, at 20℃, at 10Hz frequency the loss factor is 0.533; a storage modulus of 0.718MPa, a loss modulus of 0.382MPa; bonded cement mortar: with a density of 1.8g/cm3, 3 days compressive strength of 2.0MPa, 28 days compressive strength of 9.2MPa.
Laboratory equipment: spraying equipment used by the United States PMC (Polyurethane Machinery Cooperation) PHX-40 polyurea production equipment: heating power: 18000W, the maximum output pressure: 24.13Pa, maximum output: 9.5kg/min, spraying temperature: cannot be lower than 15℃, when temperature is from 50℃-60℃, the damping material reaches its hardness, extension and other properties after 3-4days. Test equipment from the Beijing Institute of vibration with noise produced by the INV3062T acquisition and analysis software: 4 channels, 5120Hz sampling rate per channel, ICP input mode, a program controlled amplification with programmable optional times 1, 10, 100, it can be a continuous large-capacity acquisition of data, supports online and offline sampling.
Experimental scheme: Multi-layer flat-shaped damping structure with a high modulus of elasticity of the tile panels. The damping layer is made of a damping material with different constrained layers and damping layer thickness. Six structures a, b, c, d, e, and f, where a is a non-damped structure, b is a 1mm constrained damping structure, c is a 3-layer 1mm constrained damping structure, d is a 7-layer 1mm constrained damping structure, e is a 3mm constrained damping structure and f is a 7mm constrained damping structure. The experiment was carried out by the single-point hammering vibration method. The excitation force was 200N, the sampling frequency was 5120Hz, the length was 3K, and the analysis point was 1024. In the frequency range of 25Hz～2500Hz, full-range linear analysis. The 7 layer constrained damping structure and sensor arrangement are shown in Figure 1 (among them 1, 2, 3three sensors，main analysis in this paper is the data measured by sensor 1). Based on the analysis of DASP software, the loss factor of the composite structure and the vibration acceleration level were obtained. 
Modal strain energy model
The establishment of the damping model is the basis for the accurate and reliable dynamic analysis of composite structures. The modal strain energy method (MSE) is the common methods for a dynamic analysis of composite structures (Yang et al. 2002) .
MSE is in the non-damping processing structure, the appropriate damping is substituted to the modal motion equation to represent the damping structure, substituting the appropriate damping terms into the modal parameters to approximate the damping modal parameters, so a large number of complex eigenvalues can be avoided. Firstly, the modal parameters of the structure are obtained by modal analysis of the finite element method. In this way, the modal damping loss effect can be expressed by the following formula:
where β is the loss factor of the damping layer material; 1 、 2 、 3 as the base layer, damping layer, and total strain energy of the confinement layer.
The MSE method is a kind of forced decoupling method, neglecting the non-diagonal elements in the equations of motion. The result of MSE method is smaller than that of the exact solution. It is considered to be one of the most practical and robust methods in the modeling and analysis of viscoelastic damping structures. In the literature (Trompette et al. 1997; Shi et al. 2001; Shen et al. 2008) , the accuracy and applicability of the modal strain energy method were studied, and they concluded that the MSE method can meet the engineering requirements. Therefore, in this paper, the precision of the modal strain energy method is checked, and the dynamic behavior of the constrained damping structure is analyzed by the finite element method of modal strain energy. The experimental study of modal vibration and the mutual analysis of finite element analysis method were carried out. The volume element SOLID186 is a three-dimensional entity eight-nodes unit. Each node has three translational degrees of freedom, x, y and z. The material is isotropic, which meets the requirements of modal strain energy theory. The support mode is simply supported at both ends. The material parameters of the base layer, damping layer and constrained layer are described in the section 1.1, which are consistent with the physical model. The model will be divided into a unit grid, the grid size is set to 0.005. Fig. 2 shows the meshing of six structures.
Figure 2. Meshing of constrained damping structure with different damping thickness for undamped structures and different constrained layers （a）an undamped structure, （b） 1-layer 1 mm constrained damping structure, （c） 3-layer 1 mm constrained damping structure, （d） 7-layer 1 mm constrained damping structure, （e） a layer of 3mm constrained damping structure, （f） one 7 mm constrained damping structure.
Experimental results and discussion
In this section, the dynamic properties of two important constrained damping structures, composite loss factor and vibration acceleration stage, are studied by using the single point hammer free vibration method.
Composite loss factor
At room temperature and sampling frequency 5120Hz, the composite loss factor of six constrained damping structures (see section 1.1) for a, b, c, d, e and f are shown in Table 1 . The first order vibration mode is the main mode of each structure. The main factors of the first order composite loss factor are analyzed. According to the first order composite loss factor of a, b, c and d in Table 1 , with the increase of damping layer, the loss factor increases gradually, but the increase rate gradually decreased 0.049, 0.028, 0.022, respectively. It can be seen that the increase of damping layers can effectively improve the loss factor, but after the 3rd layer, the loss factor is no longer significant. Thus we can judge that 3 layers are the best damping structure. In comparison of the first-order loss factor for a 3 layer 1mm structure c and 1 layer 3mm structure e, structure c is 0.078 and structure e is 0.034. It shows an increase of 0.044.In comparison of the loss factor for the 7 layer 1mm structure d and the 1 layer 7mm structure f, structure d is 0.10 and structure f is 0.028. It shows an increase of 0.072. It can be seen that, for the same structure and the same thickness of the damping layer, when using multi-layer distributed damping structure, the loss factor increases compared to a single-layer structure.
Vibration acceleration level
At room temperature and sampling frequency 5120Hz, the vibration acceleration level of each frequency segment measured by a~f in six kinds of constrained damping structure is shown in Figure 3 and figure 4. It can be seen from Figure 3 that the vibration acceleration levels of the four structures a, b, c and d in the frequency range of 25Hz to 2500Hz tend to increase first and then decrease. With the rise of the number of damping layers, the order of vibration acceleration level is a> b> c> d. The maximum vibration level is 155dB, 140dB, 137dB and 133dB, respectively. The vibration level of the constrained damping structure decreases with the increase of the number of damping layers, and the decreasing amplitude is smaller and smaller. The number of damping layers is almost stop reducing after three layers, indicating that the increase of the damping layer can effectively reduce the vibration level of the structure, and with three layers the noise is close to the minimum. As it can be seen in Figure 4 , c, d, e and f acceleration of four structural levels show an overall upward trend below 1000Hz. In the range of 1000Hz~2500Hz, it shows a downward trend, and reached the maximum value at 1000Hz, 137dB, 133dB, 140dB, 145dB, respectively. The comparison of the overall trend shows that the acceleration level of the '3 layer 1mm structure' c is less than the 'structure of 1 layer 3mm structure' e in each frequency band. At the maximum value, the c structure decreased by 3dB compared with the e structure. The acceleration level of the 7 layer 1mm structure d is less than that of the 1 layer 7mm structure f in each frequency band. At the maximum value, the d structure decreased more than 12 dB compared to f structure. Therefore, with the same thickness of the damping layer, the use of layered arrangement of the vibration level is significantly lower than the single layer layout, and with the increase of the number of layers, the effect is more obvious.
Modal strain energy

MSE model research
In this paper, ANSYS15.0 was used for simulation with the overall structure of SOLID186 element. The main reason is that the element can simulate the super elasticity and large deformation behavior of the material. In order to meet the requirements of calculation, an isotropic material is used in the simulation. The composite damping structure in the literature (Johnson and Keinholz. 1982 ) is used to solve the constrained damping layer (CLD) by means of the modal strain energy method (MSE). The whole structure is supported in four edges. The base layer and the restraint layer are made of aluminum plate, and the damping layer is made of rubber. The physical parameters of the model and the material are shown in Table 2 , and the results are shown in Table 3 . It can be seen from table 3 that the natural frequencies obtained from the finite element model established in the paper are very close to the analytical solution and the literature solution, and the maximum error rate is 2.3%. Compared with the analytical solution and literature solution, the composite loss factor calculated by the finite element model is close to that of the analytical solution. The minimum error rate is 0.2%. The maximum error rate is about 8.4%, which is less than the maximum error rate of 15% in Ref. (Johnson and Keinholz. 1982) , and the maximum error rate of 10% in Ref. (Zhang. 2007) . It shows that the accuracy of the model is very high and can meet the engineering requirements.
Composite loss factor
Using the MSE analysis method in Section 3.1, six structural models (a, b, c, d, e, and f) were established. These six structural models has the same size and materials. See Section 1.1 for related parameters. Under boundary condition, it is simply supported at both ends. The composite loss factor of each frequency is shown in Table 4 .4. From the numerical results of the modal analysis in table 4,The first three order loss factors of the a~f of the six structures are the same as those of the first order factors obtained in the experiments of Section 2.1 (Table 1 ). Both are in the range of 3.56×10 -5~0 .52, and both are very close to the lower order. The error is less than 20%, and at higher order the error is slightly higher, but still less than 25%. This phenomenon is due to the low order mode resonance of the model, and the higher order is relatively weak. There is some difference between the experimental model and the finite element model. In addition, the experimental results show that the loss factor of each order is lower than that of the finite element analysis. On the one hand, the fixture used in the experiment cannot fully reflect the force state of the simply supported ends. On the other hand, in the experiment, there is a gap between the damping material and the base layer and the constrained layer.
Displacement diagram
The following is the main analysis of the displacement of the structure of the first order, the constrained conditions for both ends of the simple support simulation. Figure 5 shows the displacement of the first order simulation results for each structure. The maximum displacement is shown in figure 6 . （a） （b） （c） （d） （e） （f） Figure 5 . The displacements of the damped structures with different damping layers and different thickness （a）Non damping structure, （b） 1 layer 1mm constrained damping structure, （c）3 layer 1mm constrained damping structure, （d）7 layer 1mm constrained damping structure, （e） 1 layer 3mm constrained damping structure, （f）1 layer 7mm constrained damping structure. Figure 6 . The maximum displacement of the damped structure with different damping thickness without damping structure and different constrained layers， （a） Non damping structure, （b） 1 layer 1mm constrained damping structure,（c）3 layer 1mm constrained damping structure,（d） 7 layer 1mm constrained damping structure,（e）1 layer 3mm constrained damping structure,（f）1 layer 7mm constrained damping structure. Figure 6 shows the maximum displacement of different structures. The difference between a and b structures can be seen. The difference of the maximum displacement is small. The main reason for that is the blank structure. Its density is more than two times that of the damping material. The quality of the a layer with the non-damping structure is much larger than that of the 1 layer 1mm structure b. It can be seen from b, c, d three structures that the maximum displacement is 0.546, 0.383, and 0.264, respectively. The 3 layer 1mm structure c is reduced by about 0.163 compared with the 1 layer 1mm structure b. The average reduction per layer is 0.082. The 7 layer 1mm structure d is reduced by about 0.119 compared with the 3 layer 1mm structure c. The average reduction of each layer is 0.029. The smaller the displacement, the smaller the vibration response in this state, so the smaller the value. As it can be seen, structure a, b, c and d, with the increase of damping layer, the maximum displacement gradually decreased, and the amplitude of the decrease is getting smaller and smaller. Similarly, the comparison of the 3 layer 1mm structure c and the 1 layer 3mm structure e, the maximum displacements were 0.383 and 0.537, respectively, and decreased by 0.154. Compared with the 7 layer 1mm structure d and the 1 layer 7mm structure f the maximum displacement was reduced by 0.256 and 0.520, respectively. The results are in agreement with the experimental and simulation results.
Conclusion
(1) The results of single point hammering experiment show that the first order loss factor of the four structures a, b, c, d increases gradually with the rise of the damping layer number. However, the magnitude of the increase gradually decreased 0.049, 0.028, and 0.022, respectively. The maximum vibration acceleration level decreased by 15dB, 3dB, 4dB.Compared to structure c, e and structure d, f, the first-order loss factor increased by 0.044, 0.072, and the maximum acceleration level decreased by 3dB, 12dB, respectively.
(2) The composite loss factor calculated by the modal strain energy method is the same as that obtained from the experimental results. The two are very close under the low order. The error is less than 20%, but still within 25%, with good consistency. In addition, the maximum displacements of the structures a, b, c and d show a decreasing trend with 0.542, 0.546, 0.383, and 0.264, respectively. For structure c, e and structure d, f, the maximum displacement decreased by 0.154, and 0.256, respectively. The conclusion is consistent with the experimental and simulation results.
